The present contribution studies on the composition dependence of the electronic and optical properties of the zinc-blende alloy system AlP x Sb 1-x . The calculations are performed using a pseudopotential approach under the virtual crystal approximation. Features such as electronic band structure, energy band-gaps, refractive index, dielectric constants and valence and conduction charge densities are determined and their compositional dependence are examined and discussed. The aim of this paper is to provide new data for electronic and optical properties by varying the alloy composition x and to see to what extent the compositional disorder affects the properties of interest. The effect of alloy disorder on the energy band-gaps and electron charge densities is found to be important for getting a meaningful agreement with experiment. Our results show a direct-band gap bowing parameter of 2.7 eV which agrees very well with experiment. Moreover, a transition between indirect band gaps is found to occur twice. Besides, bonding and ionicity are discussed in terms of electron charge distribution. The information derived from the present study can be useful for optoelectronics applications.
Introduction
The electronic band structure and optical properties of III-V and II-VI zinc-blende semiconductors have been widely described experimentally and theoretically for many years [1] [2] [3] [4] [5] [6] . Generally, special attention is paid to the structure of the band around the maximum of the valence band and the minimum of the conduction band, because these features are of particular interest for the transport properties. AlSb is a semiconductor of group III-V family which has an indirect band-gap (Γ-Χ). Recently, this material has found considerable use as the barrier in long-wavelength optoelectronic devices 7 as well as in high-mobility electronic devices 1, 8 . On the other hand, AlP is also a III-V semiconductor with an indirect band-gap. This material can be alloyed with other binary compound semiconductors. This may be useful in devices such as light-emitting diodes. In recent years, the successful growth of AlP 0.40 Sb 0.60 lattice matched to InP has been reported 9 . This has encouraged people to investigate the properties of AlP x Sb 1-x ternary semiconductor alloys 1, 10 .
In the current contribution, the electronic band structure, electron valence and conduction charge densities and optical properties of AlP x Sb 1-x have been studied. The aim of this work is to obtain new electronic and optical properties that were not possible in the parent compound semiconductors AlSb and AlP by varying the alloy composition x. The calculations are performed using essentially the empirical pseudopotential method (EPM) within the virtual crystal approximation (VCA) that takes into consideration the compositional disorder effect.
Computational Details
The EPM has been mainly used for the present calculations. It is an approach which involves a direct fit of the atomic form factors to experiment 11 . The method was applied to several semiconductors with surprisingly good results [11] [12] [13] [14] . The crystal potential V(r) is represented by a linear superposition of atomic potentials. For an electron in the crystal, the pseudopotential Hamiltonian is written as,
The solution of the equation, 
gives the pseudo wave functions ψ n,k (r) and the band energy values E n (k), where n is the band index. The ψ n,k (r) have the Bloch form. These pseudo wave functions have been expanded in a set of plane waves. By solving the relevant secular equation, the expansion coefficients can be determined.
A set of symmetrical and anti-symmetrical pseudopotential form factors has been adjusted so as to get direct and indirect band-gap energies that are in accord with experiment. The optimization of the empirical pseudopotential parameters has been made using the non-linear least-squares method. More details about the method used can be found in Refs. [15] [16] [17] . The experimental band-gap energies at Γ, Χ and L high-symmetry points in the Brillouin zone used in the fitting procedure for AlSb and AlP are given in Table 1 . The final symmetric V S and antisymmetric V A pseudopotential form factors obtained in the present paper from adjustments and the used lattice constants for AlSb and AlP are listed in Table 2 .
The potential of AlP x Sb 1-x ternary semiconductor alloys is determined using the VCA which includes the compositional disorder effect as an effective potential. More details about the used approximation can be found in Refs. [19] [20] [21] . The Vegard's law 22 has been used so as to obtain the lattice constant of the material under investigation.
The electron charge density is computed using wave functions determined from the electron band structure calculations, where the total charge distribution is expressed as,
In Eq.(3), ψ n,k (r) are the electron wave functions whereas n is the band index.
The summations are generally taken over all states in the Brillouin zone for all occupied bands. Nevertheless, in this work we are only interested in charge density at the Γ point in the Brillouin zone. Hence, Eq. (3) can be written as,
Results and Discussion
Figures 1a-1c display the computed electron energy band structures along selected symmetry directions in the Brillouin zone for zinc-blende AlSb, AlP 0.05 Sb 0.95 and AlP 0.1 Sb 0.9 , respectively. The maximum of the valence band is assumed to be the zero energy for all band structures of interest. All band structures look rather similar. The main difference appears to be in their fundamental energy bandgap. In fact, in Fig.1a one can note that the maximum of the valence band is at Γ point, whereas the minimum of the conduction band is at X point. Hence, AlSb is an indirect-gap (Γ-X) semiconductor. The same conclusion can be drawn for AlP 0.05 Sb 0.95 (Fig.1b ). However, as far as AlP 0.1 Sb 0.9 is concerned and as can be seen in Fig.1c , the maximum of the valence band is at Γ point, whereas the minimum of the conduction band is at L point. Thus, AlP 0.1 Sb 0.9 is an indirectgap (Γ-L) semiconductor. These results for Figs. 1b and 1c are obtained when the compositional disorder effect is taken into consideration. The disorder effect as can be noticed from these figures has an important effect on the electronic band structure and should not be neglected. The full valence band width seems to increase with increasing the P content (even at low concentrations of P). This reflects the change in the ionicity of AlSb when more P atoms are added in it.
In order to see to what extent the alloy compositional disorder effect can affect the band-gap energies, the composition dependence of band-gap for conduction Γ and Χ valleys with respect to the top of the valence band in AlP x Sb 1-x is displayed in Figs.2a and 2b, respectively. For both figures the calculations have been performed using the VCA (where the compositional disorder is neglected) and the improved VCA (where the compositional disorder is taken into account in the calculations). By observing Fig.2a , one can note that when proceeding from AlSb (x=0) to AlP (x=1) the direct (Γ-Γ) band gap increases in both cases (with and without considering the compositional disorder effect). The two approaches exhibit the same behavior, which is non monotonic. However, the non linearity seems to be different. Accordingly, one of course expects different optical band gap bowing parameters. In fact, when using the VCA alone, we found an optical band-gap bowing parameter of -2.07 eV. This value is not in accord with that of 2.7 eV recommended by Vurgaftman et al. 1 , both in sign and magnitude. Nevertheless, the use of the improved VCA yields an optical bowing parameter for the Γ-valley of 2.7 eV. This result is obtained for the disorder parameter P=0.973 and is in excellent agreement with that recommended by Vurgaftman et al. 1 , reflecting thus the important contribution of the compositional disorder to the determination of the direct (Γ-Γ) band-gap optical bowing parameter in AlP x Sb 1-x ternary alloys. This seems to be common for most of III-V and II-VI ternary semiconductor alloys 23, 24 . The situation seems to be somewhat different for the indirect band gap energy (Γ-Χ) in AlP x Sb 1-x (see Fig.2b ). We note that the (Γ-Χ) energy band-gap varies monotonically with the alloy composition x with a bowing parameter of -0.64 eV when using the VCA alone. However, we observe a non-monotonic behavior of (Γ-Χ) band-gap versus x with a huge bowing parameter of 4.2 eV when the improved VCA has been used. Once again this demonstrates the important contribution of the compositional disorder effect to the band-gaps bowing parameters.
To examine the energy band-gaps transition, the three major valleys at Γ, Χ and L in AlP x Sb 1-x are plotted against the alloy concentration x in Figs. 3a and 3b using the VCA alone and the improved VCA, respectively. Our results (Fig.  3a) shows that when the compositional disorder effect is neglected, we predict no transition between the direct and indirect band-gaps and hence the material of interest is expected to remain an indirect (Γ-Χ) band-gap semiconductor within the whole alloy composition x. Nevertheless, the situation appears to be completely different when the improved VCA is used (Fig. 3b) where we note that the material in question has an indirect (Γ-Χ) band-gap semiconductor in the alloy composition range 0-0.076, then there is a transition between the indirect band-gaps which occurs twice. First, at composition x ≈ 0.076 which corresponds to a crossover band gap of 1.169 eV. This transition is originated by L-conduction band. The second transition is found to occur at x ≈ 0.24 and corresponds to a crossover band gap of 0.886 eV. This transition is predicted to be originated by X-conduction band. Accordingly, the absorption at the optical gaps in AlP x Sb 1-x ternary alloys can be either indirect (Γ-Χ) or indirect (Γ-L) depending on the P content.
The refractive index (n) of semiconducting materials is an important parameter for the design and fabrication of devices. In the present work n has been calculated using various models all of which are based on energy gap-refractive index relations in semiconductors 25, 26 . All energy band-gaps values considered in the calculations are taken with the improved VCA. Our results regarding n for AlP x Sb 1-x (x=0, x=0.5 and x=1) are listed in Table 3 . The experimental data reported in Ref. 27 are also shown for comparison. Note that a combination between the values of n determined for the end-point compounds AlSb and AlP indicates that the Reddy and Anjaneyulu model 28 is the most suitable to choose among the remaining models being considered in the present study. This is consistent with the result of Al-Assiri and Bouarissa 29 . The Reddy and Anjaneyulu 28 model is based on the Moss relation 25 and expressed as,
where E g is the fundamental energy band-gap. The relation (5) holds true for energy band-gaps larger than 0 eV. Our calculated n for AlP 0.5 Sb 0.5 is a prediction. The composition dependence of n calculated using the various models of interest is illustrated in Fig.4 . Note that for all models being used here, n decreases with increasing x exhibiting a non linear and non-monotonic behavior.
Based on the values of n calculated from the Reddy and Anjaneyulu model 28 , the high-frequency dielectric constant (ε ∞ ) in AlP x Sb 1-x has been determined using the relation (6) The values of ε ∞ for AlSb and AlP calculated in the present work are 9.67 and 7.12, respectively. As compared to the experimental values of 9.88 (for AlSb) and 7.4 (for AlP) quoted in Ref. 30 , an agreement to within 2-4% is achieved. The composition dependence of ε ∞ in AlP x Sb 1-x ternary system is shown in Fig.5 . We observe that the increase of the composition x on going from 0 (AlSb) to 1 (AlP) leads to the non-monotonic decrease of ε ∞ . This suggests that AlP x Sb 1-x becomes gradually a good insulator when increasing the P content.
The study of electron charge distribution in semiconductors provides important information on the chemical bonding properties and interstitial impurities in the investigated materials [31] [32] [33] . For that purpose, the electron total valence charge distribution is calculated at the Γ point along the [111] direction for zinc-blende AlSb, AlP 0.05 Sb 0.95 and AlP 0.1 Sb 0.9 . Our results are illustrated in Figs. 6a-6c . Note that for zinc-blende . E e 36 3 g n = n 2 f = AlSb (Fig. 6a) , there is an asymmetrical distribution of charges where an important amount lies between the atomic sites. This seems to be different from that reported for semiconductors with diamond structure 34 where the charge distribution is found to be equally distributed between the atomic sites. This reflects the presence of mixed-ionic-covalent bonding in the case of zinc-blende AlSb. The maximum of the electron valence charge density appears to be slightly shifted towards the anion (Sb). Thus, the main contribution to the chemical bond formation comes from the anion. A small amount of charges seems to be in the interstitial regions where it is a little bit larger in the interstitial region nearest to the cation. When more P atoms are added in AlSb (Figs.6b and 6c) , the shape of the profiles of the electron charge distribution of AlP 0.05 Sb 0.95 and AlP 0.1 Sb 0.9 (with disorder) looks like almost the same. Nevertheless, the charge distribution is affected both at anion and cation sites reflecting the change in the ionicity character of the materials of interest. In addition, the maximum of the electron valence charge density decreases by increasing the P content in AlP x Sb 1-x affecting thus the contribution to the chemical bond formation. The effect of the compositional disorder on the electron total valence charge density appears to be significant as can be observed in Figs. 6b and 6c . Hence, this effect should be taken in any calculation of the electron valence charge distribution in AlP x Sb 1-x ternary alloys. We have also computed the electron charge densities along the [111] direction for the first conduction band at the Γ-point in the Brillouin zone for zinc-blende AlSb, AlP 0.05 P 0.95 and AlP 0.1 Sb 0.9 . Our results are shown in Figs. 7a-7c , respectively. Note that for AlSb ( Fig.7a) , the majority of the charges are localized around the site of the anion (Sb) where it reaches the maximum. Compared to the anion, the amount of charges around the cation (Al) is less pronounced. In the bonding region, we observe the minimum of the electron conduction charge density which is localized almost half way. This indicates that the first conduction band charge density is antibonding and s-like in nature. The trend seems to be similar for III-V semiconductor ternary alloys 26 . A small quantity of charge can be observed in the interstitial regions but seems to be more important nearest to the cation than the anion. When more P atoms are added in AlSb (Figs. 1b and 1c with disorder), the amount of the charges localized around the anion site decreases whereas those situated around the cation site increases. Thus. it appears that there is a transfer of charges from the anion to the cation site. In the bonding region, the situation seems to be practically constant keeping thus the antibonding and s-like in nature character for the first conduction band charge distribution in the alloys of interest. The effect of compositional disorder in AlP x Sb 1-x again is significant for the electron charge density for the first conduction band as clearly seen in Figs.1b and 1c and can seriously affect the calculation if it is not taken into consideration. 
Conclusion
Using the EPM within the VCA, the electronic band structure, energy band-gaps at the three major valleys at Γ, Χ and L, the refractive index and the high-frequency dielectric constant and the electron charge distribution in AlP x Sb 1-x ternary semiconductor alloys were calculated. A correction was introduced to the VCA in order to take into account of the compositional disorder effect. Our results were found to be in good accord with experiment. The contribution of the compositional disorder effect to the electron band structure, direct and indirect band-gaps and electron valence and conduction charge densities in AlP x Sb 1-x was found to be important and should not be neglected. The composition dependence of all features of interest showed a non-linear behavior. The nature of the semiconductor band-gap was found to depend on the concentration P. In agreement with previous studies, the model of Reddy and Anjaneyulu was chosen among other models being considered in the present study. The behaviour of the high-frequency dielectric constant indicated that AlP x Sb 1-x material becomes a good insulator when more P atoms are incorporated. The behaviour of the charge distribution showed an ionic partial character for the alloys of interest.
